We constructed a conditionally replication-competent adenoviral vector Ad.Lp-CD-IRES-E1A(control) in which the expression of both the prodrug-activating cytosine deaminase gene and the viral replication E1A gene were driven by the L-plastin tumor-specific promoter. In order to overcome the low infectivity of the adenoviral vectors for breast cancer cells, and to increase the safety and efficacy for cancer gene therapy, this vector was further modified on a transductional level by simultaneously ablating the native tropism of the vector to the primary CAR receptor and inserting a RGD-4C peptide into the HI loop of the fiber, which allows the vector to use the a v b 3 and a v b 5 receptors as alternative receptors. The resulting vector was named Ad.Lp-CD-IRES-E1A(MRGD). The transduction efficiency of the vector for breast cancer cell lines which have low expression level of CAR was increased both in vitro and in vivo. The Ad.Lp-CD-IRES-E1A(MRGD) vector produces a higher vector particle yield and a greater cytotoxic effect in tumor cells which have a low expression level of CAR, than did the Ad.Lp-CD-IRES-E1A(control) vector. Intratumoral injection of the Ad.Lp-CD-IRES-E1A(MRGD) vector following the intraperitoneal injection of 5FC into xenotransplanted human breast cancer cell lines which have low expression level of CAR led to greater degree of tumor regression in vivo than did the intratumoral injection of control adenoviral vectors not so modified.
Introduction
Cancer gene therapy is often carried out by the introduction of specific genes into cancer host cells that destroy cancer or that will enhance the immune response against cancer cells. Viruses are frequently chosen as gene therapy vectors for this purpose based on their unparalleled ability to deliver and express genetic elements. A number of important biological features such as the stability of viral particles and the high infection efficiency for quiescent as well as dividing cells make the adenoviral vector one of the best gene delivery vectors developed so far. 1 For safety reasons, the first generation of adenoviral vectors used clinically were replication deficient. However, the success of these replication-deficient vectors for cancer gene therapy is limited by their inability to spread and infect tumor cells subsequent to the initial infection. The recognition of this gene transfer limitation as a major problem for clinical gene therapy has led to the development of replication-competent adenoviral vectors for clinical trials. 2 The greatest challenge of developing replication-competent adenoviral vectors is to deliver therapeutic genes to the sites of the disease and replicate them in a safe and efficient manner. In this regard, conditionally replication-competent adenoviral (CRAD) vectors are considered very promising.
There are two main strategies used for constructing CRAD vectors: (1) targeting the vector on the transcriptional level such that vector replication and transgene expression will occur only in cancer tissue, and (2) targeting the vector on the level of cellular binding and infection (transduction), which allows the vector to bind selectively to a tumor-specific cell surface by modifying the viral attachment protein. 3 Targeting on a transcriptional level can be achieved by using a tumor-specific promoter which drives critical viral genes so that they can be expressed only in tumor cells. 4 The primary receptor for adenovirus serotypes 2 and 5 is the coxsackie-adenovirus receptor (CAR), 5 which is widely expressed in normal tissues. However the expression level of CAR is highly variable and often low on the surface of cancer cells, including breast cancer cells. Targeting on a cell transductional level can be accomplished by simultaneously ablating the native viral element which binds to CAR and redirecting the viralbinding protein to alternative cellular receptors which are present at high levels on cancer cells, like a v b 3 integrin. The use of a transductional-targeted vector, which binds only to cancer cells may generate greater therapeutic benefit because the gene delivery to normal tissues is reduced. This decreases the viral dose required, the immune response to the vector, and reduces the toxicity of the vector to noncancerous tissues.
Many strategies have been used for generating transductional-targeted adenoviral vectors: (1) bifunctional antibodies which block the vector's native tropism to CAR and redirect the vector to other cellular receptors; 6 and (2) genetic modification of the vector to eliminate native receptor interactions and redirect the vector to a novel receptor. The genetic modification method may be better than the bifunctional antibody approach since the vector is more stable in vivo and easier to produce on the large scale needed for therapy. Moreover, only genetically modified vectors still contain the necessary modifications in further rounds of infection. However, it is often difficult to engineer the fiber protein of adenoviral vectors with large molecules without decreasing the packaging efficiency of the virus.
Suicide/prodrug gene therapy holds great promise for the treatment of some forms of cancer. 7, 8 The introduction of suicide genes into CRAD vectors produces a therapeutic tumor suppressive effect which is greater than vectors with either viral replication genes or suicide genes alone. [9] [10] [11] The combination of transcriptional and transductional targeting approaches may generate a safer vector which displays a higher degree of specificity. [12] [13] [14] We have previously demonstrated that a truncated form of the L-plastin promoter can confer tumor-specific patterns of expression on replication-incompetent adenoviral vector reporter genes and therapeutic transcription units. 15, 16 We also constructed the Ad.Lp-E1A CRAD vector in which the E1A expression was driven by the L-plastin promoter. The Ad.Lp-E1A vector was shown to be cytotoxic to established human breast cancer cell lines but was not toxic to normal human mammary epithelial cells. We then further improved this CRAD vector by adding a therapeutic cytosine deaminase (CD) prodrug activation transcription unit to the Ad.Lp-E1A vector. The resulting vector Ad.Lp-CD-IRES-E1A encodes the CD prodrug activation transcription unit and the E1A gene, the expression of which is driven by the L-plastin promoter. These modifications have been shown to increase the therapeutic effect over that seen with the replication-deficient Ad.Lp-CD vector without increasing toxicity. 17 In the study reported in the present paper, we investigated whether the combination of transductional targeting and transcriptional targeting in one CRAD vector, which carries a prodrug activation gene as well as the viral E1A gene under control of the L-plastin promoter, could improve the safety and therapeutic effect of the vector in breast cancer cell lines. To circumvent the low level of CAR on the plasma membranes of many different types of cancer cells so as to obtain a higher infection efficiency, we modified the fiber protein of the L-plastin series of CRAD vectors by inserting the RGD-containing peptide into the HI loop of the fiber knob domain. In addition, to obtain truly targeted CRAD vectors, we ablated the CAR-binding ability of the L-plastin series of CRAD vectors by introducing a two-site mutation in the AB loop of the fiber. This dual targeted vector was shown to increase the transduction efficiency and specificity for breast cancer cell lines and to exert a greater suppressive effect on the growth of breast cancer in human tumor xenograft models.
Materials and methods

Cell lines
The 293 human embryonic kidney cell line, the MDA-MB-468 and the MCF-7 human breast cancer cell line were all purchased from the American Type Culture Collection (ATCC, Manassas, VA). The MDA-MB-435 human breast cancer cell line was kindly provided by Dr Erkki Ruoslahti of the Burnham Institute (San Diego, CA). Normal human mammary epithelial cells (HMEC) were purchased from Clonetics (Walkersville, MD). The HEK-293 and MDA-MB-435 cell lines were grown in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) purchased from Hyclone (Logan, UT). The MCF-7 cell line was grown in EMEM (ATCC) supplemented with 0.01 mg/ml insulin and 10% FBS. The HMEC was grown in mammary epithelial basal medium supplemented (Clonetics) with hydrocortisone, insulin, epidermal growth factor and bovine pituitary extract. All the cell lines were maintained in a 5% CO 2 , humidified tissue culture incubator at 371C.
Plasmids and viruses
The plasmids pShuttleCMV-Luciferase, pAd(RGD), pCR-5.9, pCR-BE and pCR-1.1(RGD) were constructed as described previously.
18 pCR-1.1(RGD) contained a complete sequence from nt 31950 to nt 33125 of the Ad5 genome and an additional RGD-4C sequence CDCRG DCFC in the HI loop. PCR-1.1(RGD) was used as a template to further modify the fiber. Primer 1: 5 0 CAACA AAGGCCTTTACTTGTTTACAGCTTCA 3 0 and primer 2: 5 0 GTTAGCCTCTGGAGCTGGTGTGGTC 3 0 were used to amplify the 321 bp PCR1 fragment from pCR-1.1; primer 3: 5 0 CCAGAGGCTAACTGTAGACT AAATGC 3 0 and primer 4: 5 0 TGGACACGACATGAA CTTAAGTGAGCTG 3 0 were used to amplify the 800 bp PCR2 fragment from pCR-1.1. PCR1 and PCR2 were gel purified, mixed and joined by PCR using primers 1 and 4. The pCR-1.1(MRGD) plasmid was generated by inserting the new 1.1 kb PCR band into the pCR-Blunt vector. The pCR-1.1(MRGD) contained the same knob sequence of Ad5 as pCR-1.1(RGD) except that mutations from TCTCCT to GAGGCT (underlined above) which generated amino-acid mutation S408E and P409A were introduced.
The StuI/AflII fragment of the pCR-5.9 plasmid was replaced by the StuI/AflII fragment of the pCR-1.1(MRGD) plasmid. The resulting plasmid pCR-5.9(MRGD) was digested by EcoRI and the 5.9 kb band Breast cancer gene therapy Y Liu et al generated was cloned into the EcoRI digested pCR-BE plasmid, which generated plasmid pCR-BE(MRGD). The 11.7 kb BamHI band from the pCR-BE(RGD) plasmid was ligated with a 21.7 kb BamHI fragment of pAdeasy-1. 19 The resulting 33.4 kb plasmid was named pAd(MRGD). It contained the pAdeasy-1 sequence plus mutations from TCTCCT (nt 32263 to nt 32268) to GAGGCT, and an additional RGD-4C sequence in the HI loop (between nt 32679 and nt 32680).
The pShuttleLp plasmid was constructed by inserting the 2.4 kb NotI/XhoI fragment from pShuttleLp-CD-IRES-E1A into pShuttle. 19 The 1.9 kb XhoI/SalI fragment from the pGL3-Basic vector (Progema, Madison, WI) was inserted into pShuttleLp. The resulting vector was named pShuttleLp-Luciferase. The pShuttleLp-Luciferase and pShuttleCMV-Luciferase plasmids were used for homologous recombination with the pAd(MRGD) in the bacterial strain BJ5183. The recombinant plasmids were digested with PacI and transfected, respectively, into 293 cells. The resulting viral vectors were named Ad.LpLuciferase(MRGD) and Ad.CMV-Luciferase(MRGD). Ad.CMV-Luciferase(control), Ad.CMV-Luciferase(RGD) and Ad.CMV-E1A vector were constructed as described previously. 18 The shuttle plasmids for generating the Ad.Lp-E1A (pShuttleLp-E1A) and Ad.Lp-CD-IRES-E1A (pShuttleL p-CD-IRES-E1A) vectors were constructed as described previously. 17 Ad.Lp-E1A(control), Ad.Lp-E1A(RGD) and Ad.Lp-E1A(MRGD) vectors were obtained by homologous recombination between the pShuttleLp-E1A and the pAdeasy-1, the pAd(RGD) or the pAd(MRGD) plasmids, followed by PacI digestion and transfection into 293 cells. The Ad.Lp-CD-IRES-E1A(control), Ad.Lp-CD-IRES-E1A(RGD) and Ad.Lp-CD-IRES-E1A(MRGD) vectors were obtained by the same method except that the homologous recombination was carried out between the pShuttleLp-CD-IRES-E1A and the pAdeasy-1, the pAd(RGD) or the pAd(MRGD) plasmids.
All the vectors were amplified and purified following the methods described previously. 18 The titers of different vectors were tested by the BD Adeno-Xt Rapid Titer Kit (BD biosciences, Palo Alto, CA). The viral DNA was isolated from purified stocks and PCR was used for detecting wild-type virus and modified sequence according to methods previously described. 18 All the PCR products were sequenced.
Flow cytometry analysis of cell receptors
The mouse anti-CAR monoclonal antibody RmcB (Upstate Biotechnology, Lake Placid, NY), anti-a v b 3 monoclonal antibody LM609 (Chemicon International, Temecula, CA), anti-a v b 5 monoclonal antibody P1F6 (Chemicon International), and fluorescein-conjugated sheep anti-mouse IgG antibody (Amersham Biosciences, Piscataway, NJ) were used to detect the density of the human CAR, a v b 3 and a v b 5 receptors on the test cells following the method described previously. 18 Normal murine IgG (Santa Cruz Biotechnology Inc., Santa Cruz, CA) served as control.
Ad-mediated in vitro gene transfer assay The Ad.CMV-Luciferase(control), Ad.CMV-Luciferase(RGD), Ad.CMV-Luciferase(MRGD) and Ad.LpLuciferase(MRGD) vectors were used to infect cell lines. The infectivity of the vectors with modified or wild-type fibers in different cell lines was determined by measuring luciferase activity. In brief, subconfluent cell monolayers in 24-well plates were exposed to the Ad.CMV-Luciferase(control), Ad.CMV-Luciferase(RGD) or Ad.CMVLuciferase(MRGD) vectors, respectively, at MOI 5 (ifu/cell) for 2 h at 371C, followed by 48 h incubation. After that, cells were washed once with PBS. The cells were then lysed and a luciferase assay was performed with the Luciferase Assay System (Promega, Madison, WI) following the manufacturer's protocol. The protein concentration of the cell lysates was determined by using a Bio-Rad DC protein assay kit (Bio-Rad, Hercules, CA) to normalize the value of the relative light units by the protein concentration for each sample.
Competitive inhibition assay MDA-MB-468 or MDA-MB-435 cells were cultured in 24-well plates at a density of 5 Â 10 4 cell/well. The second day after cells were plated, Ad.CMV-Luciferase(control) or Ad.CMV-Luciferase(MRGD) vectors were used to infect cells at MOI 5 for competitive inhibition assay. Vectors were preincubated with 2 mg purified human integrin a v b 3 protein (Chemicon International, Temecula, CA) for 30 min at room temperature, respectively, then used to infect cells for 2 h at 371C, followed by 48 h incubation. After that, the cells were processed for luciferase assay as described above. Vectors without preincubation were used to infect same cell lines at the same MOI at the same time as control. 9 ifu in each case) were injected intratumorally in a total volume of 50 ml when the subcutaneous tumor nodules reached approximately 60 mm 3 in size. The tumors were harvested and snap-frozen 2 days later. The tumors were ground to frozen powder and luciferase activity was analyzed as before. 18 The mean background luciferase activity from tumors without vector injection was subtracted from all the experimental results from tumor injected with the luciferase vectors.
Ad-mediated in vivo gene transfer assay
Cytotoxicity assay Different tumor cell lines were seeded in 96-well plates (5 Â 10 3 cells/well) and infected, respectively, with vectors at MOI 5 (ifu/cell). At 24 h after vector infection, sufficient 5-fluorocytosine (5-FC) (Sigma, St Louis, MO) was added to each well of the cells infected with the Ad.Lp-CD-IRES-E1A series of vectors to generate a 0.5 mM concentration. Then the cells were incubated for another 7 days. Cell survival was determined using the MTS cytotoxicity assay (CellTiter 96 Non-Radioactive Cell Proliferation Assay, Promega) according to the manufacturer's instructions. The percentage of surviving cells is calculated as the ratio of the absorbance at 490 nm in the test culture to that of the culture without added vectors. All experiments were carried out in triplicate.
Viral yield assay Different cell lines grown as monolayers in 12-well plates were infected with a series of vectors at MOI 1. At day 7, the cell-free supernatant medium was collected. The titer of vectors in the supernatant medium was then determined by using the BD quick titer kit on 293 cells.
Tumor models and intratumoral injections
Two nude mouse models were used to evaluate the antitumor effect of Ad.Lp-CD-IRES-E1A(MRGD) vector in vivo. The subcutaneous MDA-MB-468 and the MDA-MB-435 human breast cancer tumor models were established by the method mentioned above. Tumor nodules were allowed to grow subcutaneously to approximate 60 mm 3 in size. In each tumor model, the mice were randomly divided into four groups. The Ad.Lp-Luciferase(MRGD), Ad.Lp-CD-IRES-E1A(control) or Ad.Lp-CD-IRES-E1A(MRGD) vectors (1 Â 10 9 ifu in each case) were injected intratumorally into four mice in a total volume of 50 ml into each treatment group, and with phosphate-buffered saline (PBS) for the control group. The second day after vector injection, 500 mg/kg of 5-FC was injected into the peritoneal cavity each day for 7 days. The tumor size was measured every 5 days and the tumor volume was calculated according to the formula: tumor volume ¼ length Â width 2 /2.
Results
Construction of adenoviral vectors
The 2.4 kb truncated form of the L-plastin promoter, from nt À2265 of the 5 0 region of the L-plastin promoter to nt þ 18 from the transcription initiation site of the L-plastin gene, 15 was used to replace the original E1A promoter. The resulting conditionally replication-competent vector was named Ad.Lp-E1A(control) which contained wild-type fiber. The Ad.Lp-E1A(RGD) vector has the same structure as the Ad.Lp-E1A(control) vector except for the presence of a RGD-4C peptide inserted into the HI loop of the fiber region. The Ad.Lp-E1A(MRGD) has the same structure as the Ad.Lp-E1A(RGD) vector except for two mutations: S408E and P409A in the AB loop of the fiber. The introduction of these two mutations ablated the CAR-binding ability of the vector.
The Ad.Lp-CD-IRES-E1A(control) vector was a replication-competent vector with a wild-type fiber in which the expression of both the CD and E1A gene was driven by the L-plastin tumor-specific promoter. The Ad.Lp-CD-IRES-E1A(RGD) vector has the same structure as the Ad.Lp-CD-IRES-E1A(control) vector except for a RGD-4C peptide inserted into the HI loop of the fiber protein. The Ad.Lp-CD-IRES-E1A(MRGD) vector has the same structure as the Ad.Lp-CD-IRES-E1A(RGD) vector except for two mutations: S408E and P409A in the AB loop of the fiber region.
The Ad.CMV-Luciferase(control), Ad.CMV-Luciferase(RGD) and Ad.CMV-Luciferase(MRGD) vectors were replication-deficient adenoviral vectors in which the reporter gene luciferase was under the control of the CMV promoter each with a different fiber gene. The Ad.Lp-Luciferase(MRGD) vector was a replicationdeficient adenoviral vector in which the luciferase gene was driven by the L-plastin promoter and the fiber was modified by inserting the RGD-4C peptide into the HI loop and creating mutations in the AB loop that ablated the CAR-binding ability of the vector. The characteristics of all of these different vectors are described in Table 1 . which mediates the attachment of the vector to the target cell, and the a v b 3 and a v b 5 integrin receptors. These integrin receptors mediate the internalization of the vector and the release of the vector from the endosome. 20 We analyzed the expression level of CAR, a v b 3 and a v b 5 in three human breast cancer cell lines MDA-MB-468, MDA-MB-435 and MCF-7, in normal human mammary epithelial cells (HMEC), and the 293 cell line by flow cytometry. The expression level of CAR was low in the MDA-MB-435 and MCF-7 breast cancer cell lines, whereas the MDA-MB-468 breast cancer cell line, the HMEC and the 293 cell line had a high level of expression of the CAR (see Table 2 ). Almost all of the tested breast tumor cell lines, with the exception of MDA-MB-468, expressed both a v b 3 and a v b 5 at relatively high levels. Both the HMEC and the 293 cell line have a relatively high expression level of CAR and low expression level of a v b 3 (see Table 2 ). Table 2 and Figure 1) .
We then evaluated whether modification of the fiber can change the transduction efficiency in cell lines. The Ad.CMV-Luciferase(RGD) vector that contained a RGD-4C peptide in the HI loop of the fiber uses both a v b 3 and a v b 5 receptors and CAR to infect cells. As expected, the Ad.CMV-Luciferase(RGD) vector increases transduction efficiency in almost all the cell lines tested. The luciferase activity in cell lines infected by the Ad.CMV-Luciferase(RGD) vector was 24-, 5-, 1.2-and 1.1-fold higher in MDA-MB-435, MCF-7, MDA-MB-468 and HMEC cells, respectively, than was the case when the Ad.CMV-Luciferase(control) vector infected the same cells at the same MOI (see Figure 1) .
The Ad.CMV-Luciferase(MRGD) vector contained both a RGD-4C peptide in the HI loop and S408E and P409A mutations in the AB loop. Thus, this vector uses a v b 3 and a v b 5 receptors exclusively to infect cells but could not use CAR to infect cells. As shown in Figure 1 , the luciferase activity was 22-fold and fivefold higher, respectively, following infection at MOI 5 with the Ad.CMV-Luciferase(MRGD) vector than was the case of the infection at MOI 5 with the Ad.CMV-Luciferase(control) vector in the MDA-MB-435 and MCF-7 cell lines, which contained a low expression level of CAR and a high expression level of a v b 3 and a v b 5 receptors (see Table 2 ). The luciferase activity in the HMEC and MDA-MB-468 cells, which had a high expression level of CAR, and a low expression level of the a v b 3 integrin receptor, was 6.7-and 2.9-fold lower compared with that seen with the Ad.Luciferase(control) vector at the same MOI (see Figure 1 and Table 2 ). Thus, the expression level of primary receptor CAR appears to be the major factor determining the efficiency of Ad-mediated gene transfer in Figure 3) . These results, which show that the transduction efficiency is increased for the Ad.CMV-Luciferase(MRGD) vector vs the Ad.CMV-Luciferase(control) vector in cell lines which have low levels of CAR, are consistent with the results of in vitro experiments (see Figure 1 and Table 2 ). Table 3 .
In the absence of 5FC, the direct oncolytic effect of the Ad.Lp-CD-IRES-E1A series vectors was less than the Ad.Lp-E1A series vectors in the tested breast cancer cell lines. In contrast, when cell lines were incubated in medium supplemented with 0.5 mM 5FC after exposure to the Ad.Lp-CD-IRES-E1A series vectors, the cytotoxic effect of these vectors was increased. The RGD modification of the fiber can increase the cytotoxicity of the adenoviral vectors for breast cancer cells. As shown in Table 3 , the MRGD series CRAD vectors have a higher cytotoxic effect in vitro compared with that of the CRAD vectors, which have the same transcription units but with a wild-type fiber in breast cancer cell lines which have a low expression level of CAR (MDA-MB-435 and MCF-7). The MRGD series CRAD vectors also have the comparable cytotoxic effect in the MDA-MB-468 cell line, which has a high expression level of CAR. All of the conditionally replicate-competent adenoviral vectors, which contain the L-plastin tumor-specific promoter have little cytotoxic effect in HMEC whereas the Ad.CMV-E1A vector in which E1A gene was driven by the CMV nonspecific promoter has a very strong cytotoxic effect in HMEC (see Table 3 ). The percentage of surviving cells after exposure to the Ad.CMV-Luciferase(control) vector or 5FC alone was more than 92% (data not shown). Figure 4 . The viral yield of the Ad.Lp-CD-IRES-E1A series CRAD vectors is less than that of the Ad.Lp-E1A series CRAD vectors. The reason for this may be in part due to the fact that the L-plastin promoter drives both the CD and E1A gene expression in these vectors and the E1A gene is 3 0 to the CD gene and the IRES. The expression level of E1A on Different tumor cell lines were seeded in 96-well plates and were infected by a series of CRAD vectors at MOI 5. The survival of cells was measured by MTS assay 7 days later. The data represents the average of three determinations.
Viral yield of different CRAD vectors in breast cancer cell lines in vitro
the 3 0 end of the IRES is usually weak compared with the expression level of E1A gene that is directly driven by L-plastin promoter. The RGD modification increased the viral yield of all the tested vectors in all of the cell lines. The MRGD series of vectors has an increased viral yield compared with that of the wild-type control vector in cell lines that have a lower expression level of CAR, such as the MDA-MB-435 and MCF-7 breast cancer cell lines. In contrast, the MRGD series of vectors generates a decreased viral yield in the human breast cancer cell line MDA-MB-468, which has a high expression level of CAR as expected (see Figure 4) .
Antitumor efficiency of the Ad.Lp-CD-IRES-E1A(MRGD) vector in vivo
Based on the cytotoxicity assay results, the Ad.Lp-CD-IRES-E1A(MRGD) vector, which contained transcriptional level targeting and transductional level targeting seems to be the ideal vector since it shows an increased cytotoxic effect in vitro with 5FC and shows a dramatically reduced level of toxicity for normal cells. We carried out animal experiments to test if the Ad.Lp-CD-IRES-E1A(MRGD) vector suppressed the growth of the breast cancer cell lines in vivo. Subcutaneous tumor nodules derived from the MDA-MB-468 (high CAR) or the MDA-MB-435 (low CAR) human breast cancer cell lines growing in nude mice were subjected to intratumoral injection of 1 Â 10 9 ifu of the Ad.Lp-CD-IRES-E1A(MRGD) vector, Ad.Lp-CD-IRES-E1A(control) vector or Ad.Lp-Luciferase(MRGD) vector. The second day after vector injection, 5FC was injected intraperitoneally each day for 7 days. As shown in Figure 5a (MDA-MB-468) and in Figure 5b (MDA-MB-435), at 25 days after injection, the Ad.Lp-CD-IRES-E1A(MRGD) vector suppressed the growth of subcutaneous tumor nodules derived from both MDA-MB-468 and MDA-MB-435 cancer cell lines compared with PBS control (Po0.01). In contrast, the intratumoral injection of an equivalent number of the Ad.Lp-Luciferase(MRGD) vector had no antitumor effect. As shown in Figure 5a 
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Since the MDA-MB-435 tumor cell has low expression level of CAR (see Table 2 ), the transduction efficiency of adenoviral vector with fiber modification (MRGD vector) will be increased compared with the adenoviral vector with wild-type fiber, thereby generating an advanced therapeutic effect of the vector.
Discussion
The successful clinical application of Ad-mediated cancer gene therapy requires the development of replicationcompetent adenoviral vectors that can specifically bind to cancer cells in tumor tissue, can express the therapeutic gene in tumor cells but not in normal cells and can replicate selectively within the target cancer cells. Replacement of the promoter of the adenoviral E1A gene by the tissue-specific promoter is one of the most promising methods to generate tissue-specific replication-competent adenoviral vectors. 21 The L-plastin gene belongs to a family of genes which encode actin-binding proteins. 22 These proteins are present in 490% of epithelial neoplastic cells and are not found in normal epithelial cells. The previous work in our lab demonstrated that reporter genes driven by the L-plastin promoter were expressed in ovarian cancer cells, but not in normal mesothelial peritoneal cells. 15 The CRAD vector Ad.Lp-E1A in which the E1A gene was driven by the L-plastin promoter was cytotoxic to the breast cancer cell lines but was not toxic to normal human mammary epithelial cells. 23 The prodrug activation gene therapy is currently one of several new approaches to cancer treatment. Generation of CRAD vectors that carry a suicide gene transcription unit may be even more successful. Our laboratory has created the Ad.Lp-CD-IRES-E1A vector in which both the prodrug activation CD gene and the E1A viral replication gene were driven by L-plastin promoter. 17 The cytotoxic effect of this vector was greater than the vector which contained only the CD gene both in vitro and in vivo.
In this study, we compared the replicative ability and cytotoxic effect of the Ad.Lp-CD-IRES-E1A vector with that of the Ad.Lp-E1A vector in different breast cancer cell lines. The results showed that the infection with the Ad.Lp-CD-IRES-E1A vector produces less vector particles than is seen with the Ad.Lp-E1A vector (Figure 4) . We hypothesized that the lower replication ability shown by Ad.Lp-CD-IRES-E1A vector compared with Ad.Lp-E1A vector may due to the expression level of the E1A gene. When one promoter is used to drive two different genes, the expression level of downstream gene on the 3 0 end of the IRES is usually weaker than the expression level of upstream gene. As a consequence, the direct oncolytic effect of the Ad.Lp-CD-IRES-E1A vector in the absence of 5FC was less than that of the Ad.Lp-E1A vector in all the tumor cell lines tested ( Table 3) . As expected, the cytotoxic effect was greatly increased after adding 5FC to the cell lines exposed to the Ad.Lp-CD-IRES-E1A vector and was greater than that generated by the Ad.Lp-E1A vector. Ad.Lp-CD-IRES-E1A did not cause cytotoxic effect in HMEC (Table 3) .
The level of CAR, the key receptor for adenoviral vector infection, appears to determine the extent of the tumor-suppressive effect. It is quite common to see low levels of CAR expression in aggressive populations of cancer cells. In contrast, the expression of CAR is uniformly high in normal tissues. Unless the tropism of the adenoviral vector is modified in a way that increases its transduction efficiency for cancer cells, very high particle numbers would be required for generating a therapeutic effect and such high levels of vectors would increase the risk of side effects. Since high-affinity binding of adenovirus to the CAR is mediated by the knob domain of the fiber region, 24 we had proposed to genetically modify the knob by ablating its natural tropism and by incorporating alternative targeting peptide into the knob in order to generate a more stable and safer vector for gene delivery.
Analysis of the crystal structure of the Ad5 fiber knob has revealed that the HI loop of the knob domain is an ideal site for incorporating alternative peptides. 25 Dmitriev et al. 26 succeeded in inserting the RGD-4C motif into the HI loop of the adenoviral fiber domain, thus allowing the virus to use integrin as an alternative receptor in addition to CAR. We constructed adenoviral vectors carrying the luciferase reporter gene in which the RGD-4C peptide was inserted into the HI loop. We evaluated the efficiency of the adenoviral vector-mediated gene transfer both in vitro and in vivo by testing luciferase activity. The results showed that RGD modification of the fiber increased the in vitro gene transfer efficiency (see Figure 1) , especially in tumor cell lines which have low expression level of CAR. RGD modification of adenoviral vectors also increases the in vivo transduction efficiency in established subcutaneous nodules derived from breast cancer cell lines (see Figure 3) . The RGDmodified L-plastin series of CRAD vectors generate a higher viral yield and a greater cytotoxic effect in established breast cancer cell lines than that seen with the L-plastin series of CRAD vectors with wild-type fiber (see Table 3 and Figure 4) .
Previous work has shown that the CAR-binding site is located in residues from the AB loop, the B b sheet and the DE loop in fiber. 27 The mutations of S408E and P409A in the AB loop demonstrated the greatest reduction in CAR-dependent gene transfer ability. 28 We constructed several adenoviral vectors in which the RGD peptide was inserted into the HI loop and in which the S408E, P409A mutations were generated in the AB loop simultaneously (MRGD vector). Preincubation of the vector with human a v b 3 protein inhibits the transduction efficiency of the MRGD vector in both tumor cell lines tested (MDA-MB-468 and MDA-MB-435). Preincubation of the vector with human a v b 3 protein does not inhibit the transduction efficiency of the adenoviral vector with wild fiber in MDA-MB-468 cell line (high CAR) but has inhibition effect in the low CAR MDA-MB-435 cell line (see Figure 2) . MDA-MB-435 cell line has a low expression level of CAR and a high expression level of a v b 3 , so preincubation with human integrin a v b 3 protein has higher inhibition effect than in the MDA-MB-468 cell line (high CAR) when infected with Ad.CMVLuciferase(control) vector. The transduction efficiency of MRGD vector was eight-fold lower in normal human mammary epithelia cells compared with adenoviral vector with wild-type fiber (see Figure 1) . The transduction efficiency of the Ad.CMV-Luciferase(MRGD) vector was higher than that of the Ad.CMV-Luciferase(control) vector in established human breast cancer cell line MDA-MB-435 which has a low expression level of CAR both in vitro and in vivo, but decreased in MDA-MB-468 cell line which has a high expression level of CAR (see Figures 1 and 3) . The CAR level has been reported to correlate inversely with the aggressiveness of the tumor, 29 and the low expression level of CAR was seen in many primary cancer cells and in established cancer cell lines.
We tested whether the safety and specificity of the vector can be increased by the combination of transcriptional targeting (using the L-plastin tumor-specific promoter) with transductional targeting (simultaneously ablating the ability of CAR binding and redirecting the vector to the integrin receptors). The Ad.Lp-Luciferase(MRGD) vector was constructed to test this question. The luciferase acitivity of tumor cells infected by Ad.LpLuciferase(MRGD) is lower than that infected by Ad.CMV-Luciferase(MRGD) vector (Figure 1 ). We also injected Ad.Lp-Luciferase(MRGD) intratumorally and tested the luciferase activity. As shown in Figure 3 , the transduction efficiency of the Ad.Lp-Luciferase(MRGD) vector in subcutaneous deposits of tumors derived from established cancer cell lines as measured indirectly by the luciferase activity is less than that seen with the Ad.CMVLuciferase(MRGD) vector in which the luciferase gene was driven by the CMV promoter. This indicated that L-plastin promoter is not as strong as the CMV promoter. The transduction efficiency of the Ad.Lp-Luciferase(MRGD) vector increased 4.4-fold in MDA-MB-435 cell line and 1.3-fold in MCF-7 cell line over that seen with the Ad.CMV-Luciferase(control) vector, but decreased 1302.2-fold in normal HMEC (see Figure 1) . These results indicate that the combination of L-plastin tumor-specific promoter with transductional targeting further increases the specificity of the vector. The MRGD-modified L-plastin series of CRAD vectors generate a higher viral yield and cytotoxic effect in established human breast cancer cell lines which have a low expression level of CAR (see Table 3 and Figure 4 ).
Based on these experiments, the Ad.Lp-CD-IRES-E1A(MRGD) vector, a CRAD vector carrying the CD prodrug activation gene and a modification of the fiber seems to be the most useful vector of all the CRAD vectors we have constructed. In vivo animal experiments were carried out using this vector. This vector successfully suppressed the growth of subcutaneous tumor nodules derived from established breast cancer cell lines (see Figure 5a and b). In MDA-MB-468 breast cancer tumor model, which has high expression level of CAR, Ad.Lp-CD-IRES-E1A(MRGD) vector has the same antitumor effect as Ad.Lp-CD-IRES-E1A(control) vector. However, in experiments involving the MDA-MB-435 breast cancer tumor model that has a low expression level of CAR, the Ad.Lp-CD-IRES-E1A(MRGD) vector has superior antitumor effect compared with that of the Ad.Lp-CD-IRES-E1A(control) vector (see Figure 5a and b). Our laboratory will carry out additional preclinical studies to test the feasibility of taking this vector system into the phase I clinical testing.
